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The transmembrane ephrinB ligands and their Eph receptor tyrosine kinases are known to regulate excitatory synaptic functions in the
hippocampus. In the CA3–CA1 synapse, ephrinB ligands are localized to the post-synaptic membrane, while their cognate Eph receptors are
presumed to be pre-synaptic. Interaction of ephrinB molecules with Eph receptors leads to changes in long-term potentiation (LTP), which has
been reported to be mediated by reverse signaling into the post-synaptic membrane. Here, we demonstrate that the cytoplasmic domain of
ephrinB3 and hence reverse signaling is not required for ephrinB dependent learning and memory tasks or for LTP of these synapses. Consistent
with previous reports, we find that ephrinB3KO null mutant mice exhibit a striking reduction in CA3–CA1 LTP that is associated with defective
learning and memory tasks. We find the null mutants also show changes in both pre- and post-synaptic proteins including increased levels of
synapsin and synaptobrevin and reduced levels of NMDA receptor subunits. These abnormalities are not observed in ephrinB3lacZ reverse
signaling mutants that specifically delete the ephrinB3 intracellular region, supporting a cytoplasmic domain-independent forward signaling role
for ephrinB3 in these processes. We also find that both ephrinB3KO and ephrinB3lacZ mice show an increased number of excitatory synapses,
demonstrating a cytoplasmic-dependent reverse signaling role of ephrinB3 in regulating synapse number. Together, these data suggest that
ephrinB3 may act like a receptor to transduce reverse signals to regulate the number of synapses formed in the hippocampus, and that it likely acts
to stimulate forward signaling to modulate a number of other proteins involved in synaptic activity and learning/memory.
© 2006 Elsevier Inc. All rights reserved.Keywords: EphrinB3; Eph receptors; Synapse; Hippocampus; Cytoplasmic domainIntroduction
The formation of mature synaptic connections involves
targeted transport and aggregation of synaptic vesicles,
assembly of pre-synaptic release sites, and clustering of post-
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doi:10.1016/j.ydbio.2006.01.004al., 2002). Heterotypic ligand–receptor interactions are believed
to be important in recruiting these pre- and post-synaptic protein
components to the synapse for induction of dynamic structural
changes that lead to normal synaptic development and activity.
One ligand–receptor family, the ephrins and Eph receptor
tyrosine kinases, has been shown to play an important role in
regulating excitatory synaptic formation and plasticity (Grun-
wald et al., 2001, 2004; Henderson et al., 2001; Takasu et al.,
2002; Wang et al., 2005). Several studies have focused on the
basic mechanisms by which Eph receptors exert their function.
However, to date, very little is known about how ephrins
function at the synapse. This study specifically addresses
35A. Rodenas-Ruano et al. / Developmental Biology 292 (2006) 34–45the role of ephrinB3 signaling, and takes steps toward
understanding how ephrinB3 regulates synaptic plasticity in
the hippocampus.
Ephrins and Eph receptors have been shown to contribute
to synaptic development, plasticity and regulation in the
hippocampus (Contractor et al., 2002; Dalva et al., 2000;
Grunwald et al., 2001, 2004; Henderson et al., 2001; Takasu et
al., 2002; Torres et al., 1998). The dynamic expression of
these molecules in both pre- and post-synaptic membranes has
been observed for ephrins and Eph receptors (Liebl et al.,
2003). In some instances, EphB2 is expressed in post-synaptic
membranes, and is thought to regulate NMDA receptor
function. In vitro activation of EphB2 by ephrins results in
Src-induced phosphorylation of the NMDA receptor subunit
NR2B, enhancing the ability of NMDA receptors to mediate
calcium influx (Takasu et al., 2002). EphB receptors can also
bind directly to NMDA receptor subunits through kinase-
independent mechanisms, and together with kinase-dependent
mechanisms, function to regulate synaptic plasticity and
ultimately learning and memory (Dalva et al., 2000; Grunwald
et al., 2001; Henderson et al., 2001; Takasu et al., 2002).
EphB2 null mice display mild impairment of both long-term
potentiation (LTP) and long-term depression (LTD) in the
CA3–CA1 hippocampus (Grunwald et al., 2001; Henderson et
al., 2001). These defects are rescued in EphB2 knockin
mutants (EphB2lacZ), in which the cytoplasmic domain is
replaced with β-galactosidase, supporting a kinase-indepen-
dent role for EphB2. Eph receptor-ephrin signaling is also
necessary for mossy fiber LTP through PDZ interactions in the
post-synaptic neuron, although these studies do not indicate
which specific EphB receptor(s) or ephrinB ligand(s) are
essential (Contractor et al., 2002). Most recently, ephrinBs
have been implicated in regulating Eph receptor function at
the CA3–CA1 synapse, where ephrinBs are expressed in the
post-synaptic membrane and EphA4 is the candidate pre-
synaptic receptor (Grunwald et al., 2004). These studies
suggest a requirement for ephrinB3 cytoplasmic-dependent
signaling in post-synaptic neurons. The ephrinB cytoplasmic
domain is required to mediate reverse signaling events that
lead to morphological changes (Cowan et al., 2004; Dravis et
al., 2004), and is known to interact with SH2/SH3 adaptor
molecules (e.g., Grb4), tyrosine phosphatases (e.g., PTP-BL),
and PDZ adaptor molecules (e.g., GRIP1/2 and PDZ-RGS3)
(reviewed by (Martinez and Soriano, 2005).
Our studies were designed to determine whether ephrinB3
reverse signaling in the post-synaptic membrane is required for
normal synaptic function. We employed ephrinB3KO null and
ephrinB3lacZ cytoplasmic deletion mutants to address the
requirement for ephrinB3′s forward signaling and reverse
signaling in regulating synaptic formation and function. The
results presented here indicate that ephrinB3 contributes to
regulating synaptic transmission, hippocampal-dependent
memory, and modulation of synaptic proteins independent of
its cytoplasmic domain. However, modulation of GRIP,
phosphorylated PKA levels and regulation of synaptic numbers
are dependent on an intact ephrinB3 cytoplasmic domain and
hence reverse signaling.Material and methods
Animals
EphrinB3KO and ephrinB3lacZ CD1 mice were generated as previously
described by (Yokoyama et al., 2001), and genotyped using polymerase chain
reaction (PCR) methods and primer sets that recognized the gene-targeted
deletion. Mice had free access to food and water at all times and were maintained
on a 12-h light/dark cycle.
Hippocampal cell cultures
Hippocampal tissue was dissected from postnatal day 1 (PD1) mice in ice-
cold L15 medium (Gibco, Grand Island, NY), cut into small pieces and
incubated in 0.25% trypsin/EDTA (Gibco) at 37°C for 10 min. Cells were rinsed
and triturated in BME Plus medium (BME Basal medium (Gibco), penicillin/
streptomycin (Gibco), 2 mM L-glutamine (Gibco), 10% Fetal Bovine Serum
(HyClone, Logan, UT)) and plated at a density of 25,000 to 50,000 cells per 12
mm glass Deckglaser coverslip (Carolina Biological, Burlington, NC). These
coverslips were coated with Poly-L-Lysine (Gibco), Type I rat collagen (BD
Biosciences, San Jose, CA) and heat-inactivated horse serum (Gibco). After 3 h,
the medium was gently changed to Neurobasal medium Plus (Neurobasal-A
medium (Gibco), penicillin/streptomycin, 2 mM L-glutamine, 1 mM Na
pyruvate (Gibco), 4% B27 serum-free supplement (Gibco)). Neurons were
cultured for up to 8 days and visualized using a Zeiss Axiovert 200 M
microscope or Zeiss LSM510 confocal microscope (Thornwood, NY).
Subcellular fractionation
Hippocampi from wild type, ephrinB3KO, and ephrinB3lacZ mice were
isolated by gross dissection from brains previously frozen in situ with liquid
nitrogen. Dissections were performed in a cold box at −20°C, and subcellular
fractions were prepared at 4°C. Hippocampi were weighed and homogenized
using a Dounce homogenizer (20 strokes) in 5 vol of ice-cold homogenization
buffer containing 15 mM Tris/HCl pH 7.6, 1 mM dithiothreitol (DTT), 0.25 M
sucrose, 1 mM MgCl2, 1.25 μg/ml pepstatinA, 10 μg/ml leupeptin, 2.5 μg/ml
aprotinin, 0.5 mM phenyl methyl sulfonyl fluoride (PMSF), 2.5 mM EDTA, 1
mM EGTA, 100 mM sodium orthovanadate (SOV), 50 mM NaF, and 2 mM Na
pyrophosphate. Homogenates were centrifuged at 800 × g for 10 min to obtain
crude nuclear pellets (P1). The P1 supernatant was then centrifuged at 12,000 × g
for 15 min to obtain the crude synaptosomal fraction (P2). The P2 supernatant
was further centrifuged at 165,000 × g for 1 h to obtain microsomal (P3) and
cytosolic (S3) fractions. All pellets were resuspended with homogenization
buffer containing 0.1% Triton X-100. Protein concentration was determined
using the BioRad DC protein assay kit (Hercules, CA), and volumes were
adjusted for equal concentration of all samples.
Gel electrophoresis and Western blot assays
Crude hippocampal synaptosomal (P2) samples (n = 6–10) were
electrophoresed on 7–12% SDS-PAGE gels and transferred to an Immobilon
membrane (Millipore, Bedford, MA). Membranes were blocked with blocking
buffer (2% non-fat milk in phosphate-buffered saline (PBS)) for 1 h, and
incubated for 1 h at room temperature (RT) or overnight at 4°C with primary
antibody diluted in blocking buffer. Following incubation with horse radish
peroxidase-conjugated or fluorochrome-conjugated secondary antibodies
(Jackson Immunoresearch, West Grove, PA) for 30 min, membranes were
rinsed and bands were visualized using SuperSignal Chemiluminescent
substrate (Pierce, Rockford, IL) or the Odyssey system (LICOR, Lincoln,
NE). The following antibodies were used: anti-GluR1, anti-GluR2/3, anti-
GluR5/6, anti-NR1, anti-NR2A, anti-NR2B, anti-GRIP1, anti-phospho-CaM-
KII, anti-phospho-PKC, anti-phospho-PKA (Upstate, Lake Placid, NY), anti-
N-cadherin (BD Transduction labs, San Jose, CA), anti-PICK1, (ABR,
Golden, CO), anti-PSD95, anti-Neuroligin-1, anti-Synapsin1a, anti-Synapto-
brevin, anti-Synaptophysin (Synaptic Systems, Gottingen, Germany), anti-
SNAP25 (Oncogene, Cambridge, MA), anti-β-catenin, anti-β-tubulin, and
anti-β-actin (Sigma, St. Louis, MO). Densitometry was performed using
36 A. Rodenas-Ruano et al. / Developmental Biology 292 (2006) 34–45Quantity One (Biorad), standardized to β-tubulin, and a one-way ANOVAwas
used for statistical analysis.
Immunohistochemistry
Wild type and mutant PD14 mice were anesthetized (ketamine:xylaxine:
acepromazine 3:3:1), perfused with ice cold PBS and 4% paraformaldehyde
(PFA) in 0.1 M PBS, brains were removed, post-fixed in 4% PFA for 2 h, and
incubated overnight in 23% sucrose in PBS. Brains were then embedded in OCT
(Sakura, Torrance, CA) and frozen in ultra-cold isopentane on dry ice. Serial
sections (10 μm) were cut on a cryostat, and stored at −20°C. Sections were
brought to RT for 10 min, rinsed in PBS, and permeabilized with 0.05% Triton
X-100 for 10 min. Samples were then blocked with 5% BSA (blocking buffer)
for 30 min and incubated with primary antibody at RT for 1 h or overnight at
4°C. Samples were then incubated with Alexa dye-conjugated secondary
antibody (Molecular Probes), diluted in blocking buffer for 1 h, mounted, and
visualized with Zeiss Axiovert 200 and/or Zeiss LSM510 Confocal Micro-
scopes. The antibodies used were: anti-ephrinB3 (Zymed, San Francisco, CA)
purified against ephrinB1-Fc and ephrinB2-Fc, anti-Map2 (Chemicon), anti-
Tau-1 (Chemicon), anti-synaptobrevin (Synaptic Systems), and anti-GABA
(Chemicon).
Transmission Electron Microscopy (TEM)
Wild type and mutant male mice were perfused with 4% PFA/2%
glutaraldehyde in 0.1 M phosphate buffer, pH 7.2. Brains (n = 3) were
embedded in chicken albumin agar and cut into 200 μm sections using a
vibratome. CA1 and CA3 hippocampal regions were dissected, cut into 1 mm2
pieces, and further postfixed with 3% EM grade glutaraldehyde. Tissue sections
from wild type and mutant mice were stained either by 1% ethanolic
phosphotungstic acid (E-PTA) or by the conventional osmium–uranium–lead
method. Ultrathin sections of CA1 hippocampus were visualized using a Philips
CM-10 TEM operating at 80 kv. Non-overlapping photographs (N20/tissue)
were taken throughout the CA1 stratum radiatum where CA3 Schaffer
collaterals synapse on CA1 dendrites. Photographs were digitized, and pre-
and post-synaptic densities were measured for synaptic area, length, and
maximum depth (see illustration in Fig. 3A) using Scion imaging software
(Scion Corporation, Frederick, MD). Statistical analysis was performed using
one-way ANOVA.
X-gal staining
PD14 and adult mice were anesthetized, perfused with ice cold PBS
followed by 4% paraformaldehyde (PFA) in 0.1 M PBS. Brains were removed,
post-fixed in 4% PFA for 2 h, and incubated overnight in 23% sucrose in PBS.
Brains were then embedded in OCT (Sakura, Torrance, CA) and frozen in ultra-
cold isopentane on dry ice. Serial sections (30 μm) were cut on a cryostat,
brought to RT for 10 min, and rinsed in 0.1 M PBS. Sections were incubated for
20 min in staining solution (5 mM Kferri/5 mM Kferro cyanide, 2 mMMgCl2 1
mg/ml X-gal, 1% NP-40 (Sigma)), rinsed, and mounted (Biomeda mounting
media).
Electrophysiology
Male mice (wild type, n = 17; ephrinB3KO, n = 8; ephrinB3lacZ, n = 5) were
anesthetized, brains rapidly removed, and the hippocampus dissected from the
brainstem and overlying cortex. To reduce tissue damage, brains were quickly
immersed in oxygenated ice-cold freshly made artificial cerebrospinal fluid
(ACSF): 126 mM NaCl, 3.5 mM KCl, 26 mM NaHCO3, 1.25 mM NaH2PO4, 2
mM CaCl2, 2 mMMgSO4, 10 mM glucose, equilibrated with 95% O2:5% CO2.
The brains were hemisected and sectioned into 400 μm slices with a motorized
Vibroslice microtome (Campden Instruments Ltd., Lafayette, IN), oxygenated
with 95% O2:5% CO2 in ACSF, and stored at RT for at least 1 h before transfer
to the recording chamber. Slices (2 slices/animal) were then placed in an aerated
recording chamber at 30°C, with ACSF perfused at ≥2 ml/min. EPSP slopes
were measured from the stratum pyramidale of the hippocampal CA3–CA1 field
with standard glass micropipettes filled with 150 mM sodium chloride.Electrode impedance ranged between 4 and 8 MΩ. Orthodromic field potentials
were elicited by stimulating the Schaffer collaterals with bipolar, tungsten
electrodes insulated with teflon except at the tip. Stimulation consisted of
constant-current, square-wave pulses (0.2 ms in duration). EPSP slopes were
amplified (1000×), low-pass filtered (DC, 2 kHz; LPF-8 Warner Instruments
Corp.) (AxoClamp 2B; Axon Instruments), converted to digital form (Axon
Digidata 1322A, Union City, CA) and stored on a microcomputer. Signals will
be digitized by Clampex 8.0 software and measured with Axoscope 9 (Axon
Instruments).
After stable fEPSPs were recorded (approximately 30 min), input–output
curves relating stimulus current intensity to fEPSP slope and amplitude were
generated. A stimulus intensity required for half-maximal fEPSP slope was
selected and stimulation continued for 10–20 min at a rate of 0.017 Hz. Paired-
pulse plasticity was elicited using an interpulse interval of 20 ms, 40 ms, 80 ms,
160 ms. LTP was induced using 10 trains over a 200 ms stimulation at 200 Hz
delivered every 5 s at 1/2Max stimulus intensity, with subsequent testing at
0.017 Hz. The initial negative-going slope of each fEPSP was measured as an
index of synaptic strength and was expressed in mV/ms The slope of the fEPSP
was estimated by measuring the slope of a line determined by placing two points
along the steepest negative-going slope of the digitized fEPSP. Post-tetanus
fEPSP slopes were expressed as a percentage of the average fEPSP slope from
the pre-tetanus control records. The data were analyzed using one-way ANOVA
followed by Tukey test.
Learning and memory behavior
Spatial learning and memory was evaluated using a black, 100 cm diameter
water maze filled with water at 25°C, and situated in a room rich with extramaze
cues. Male wild type (n = 10), ephrinB3KO (n = 8) and ephrinB3lacZ (n = 10)
mice were tested sequentially in two tasks; a cued learning task, in which an
escape platform was visible just above the surface of the water, and a spatial
task, in which the platform was hidden below the water surface. Cued learning
was assessed during the initial 2 days of water maze testing in order to acquaint
animals with procedural components common to the tasks, and preclude the
passive “floating” behavior sometimes exhibited by mice early in water maze
testing. During cued learning, animals were given four trials each day, using a 6
cm (dia) white platform situated just above water level. Mice were given 30 s on
the platform, and then placed at one of four start locations at the perimeter of the
maze, facing the pool wall. Trials were a maximum of 60 s in duration or until
the mice found the platform. At the end of each trial, animals were placed on the
platform for 15 s. The second day of cued training was similar to the first, except
the platform was moved to a different maze quadrant. After each trial, animals
were towel dried and placed under a heat lamp in their home cages. Spatial
learning was assessed during days 3–5 using similar procedures, except that the
escape platform was submerged. The platform was moved to a novel quadrant
on the first hidden platform day, where it remained for the duration of testing.Results
EphrinB3 is expressed in both axons and dendrites of cultured
hippocampal neurons
To examine whether ephrinB3 is localized to hippocampal
axons and/or dendrites, we performed co-labeling studies on 4
and 8 day old cultured hippocampal neurons (Figs. 1, 2).
Fluorescence immunohistochemistry of 4 day old hippocampal
cultures demonstrated that ephrinB3 was expressed in cell
bodies, growing axons, and growth cones in most neurons
(Figs. 1c, i, m, p). Expression of Map2C (dendritic marker)
was limited to the cell body and the hillock of the projecting
neurite (Figs. 1b, d, f, h, j). Co-labeling with Tau-1,
microtubule binding protein found in axons, confirmed
ephrinB3 expression in the growing axon (Figs. 1k–n).
EphrinB3 labeling was especially prominent in growth cones
Fig. 1. EphrinB3 is expressed in axons of 4 day old cultured hippocampal neurons. DIC images (a, g), Map2C (b, f, h), and ephrinB3 (c, i) expression of hippocampal
neurons after 4 days in culture. (d, j) Merged images show colabeling in the cell body and axon hillock but not puncta that may represent transport vesicles
(arrowheads) or the growth cone (arrow). (e) EphrinB3 is absent in 4 day old hippocampal neurons from ephrinB3KO mice. DIC image (k), Tau-1 (l), and ephrinB3 (m)
expression in axons and puncta (arrowheads) of 4 day old hippocampal neurons. EphrinB3 is coexpressed with Tau-1 (n) and synaptobrevin (o–q) in puncta
(arrowheads) and the growth cone (arrow). Scale bar = 10 μm.
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(arrowheads) (Figs. 1a–q). Transport vesicles contain proteins
important in axon guidance, axon growth, and synaptic
function (Ahmari et al., 2000; Bresler et al., 2004). Consistent
with this hypothesis, ephrinB3 and synaptobrevin colocalized
primarily in these puncta in 4 day old (Figs. 1o–q) and 8 day
old hippocampal neurons (Figs. 2g–i). At 8 days in culture,Fig. 2. EphrinB3 is expressed in axons and dendrites in 8 day old cultured hippocampa
green) and Tau-1 expressing axons (c, blue). High-magnification images show that p
yellow) in dendrites. High-magnification images show that punctate staining of eph
(green) is not expressed in ephrinB3-positive neurons (red), nor is ephrinB3 is not exp
in Map2C positive neurons (k, red) from ephrinB3KO mice. Scale bar = 10 μm.ephrinB3 was expressed throughout neuronal processes (Figs.
2a–f). EphrinB3 colocalized extensively with Map2C-positive
dendritic projections (Figs. 2b, f; arrows) and the Tau-1-
positive axon (Fig. 2c; arrowhead), suggesting that ephrinB3
is localized to both dendrites and axons. Similar findings were
observed in hippocampal neurons derived from ephrinB3lacZ
mice, where ephrinB3-β-gal chimeric proteins were localizedl neurons. EphrinB3 (a, red) is co-localized with Map2C expressing dendrites (b,
unctate staining of ephrinB3 (d, red) and Map2C (e, green) are co-localized (f,
rinB3 (g, red) and synaptobrevin (h, green) are co-localized (i, yellow). GABA
ressed in GABA-positive processes (j). EphrinB3 staining is negligible (l, green)
Fig. 3. Expression of ephrinB3 in the hippocampus. (a) EphrinB3 expression
(green) in the hippocampus of a PD14 mouse. Hoechst staining shows the
dentate and pyramidal cell layers. (b) High-magnification image of the CA3
region, where ephrinB3 positive fibers (arrows) are present in the stratum
lucidum/radiatum. Inset shows fibers that likely represent mossy fibers
(arrowhead). (c) High-magnification image of the CA1 region where ephrinB3
is highest expressed in the stratum lacunosum moleculare (arrows), as well as
dendritic fibers of the stratum radiatum (Inset, arrowhead). (d) X-gal staining of
the ephrinB3lacZ hippocampus, where ephrinB3 is localized to DGC dendritic
and axonal (mossy fibers) regions and CA1 dendritic and axonal regions. (e)
ephrinB3 mRNA expression in the DGC and CA1 cell layers but not in the CA3
cell layer. High-magnification image of the CA1 region (f), and of ephrinB3
expression in ephrinB3KO tissue (g), where arrows depict the stratum lacunosum
moleculare. DGC, dentate granule cell layer; CA1, CA1 pyramidal cell layer;
CA3, CA3 pyramidal cell layer.
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did not observe localization of ephrinB3 with GABA-
expressing inhibitory neurons (Fig. 2j). Fig. 2j shows a
GABA-positive neurite (not expressing ephrinB3) in close
association with an ephrinB3-expressing neuron (not expres-
sing GABA). There was negligible ephrinB3 staining in
hippocampal neurons derived from ephrinB3KO mice at 4 or
8 days in culture (Figs. 1e–f, 2k–l).
EphrinB3 is expressed in dentate gyrus and CA1 pyramidal
neurons
Immunohistochemical analysis of hippocampal tissue dem-
onstrated ephrinB3 expression in the dentate gyrus and CA1
hippocampus (Fig. 3a). EphrinB3 was present in the alveus,
stratum oriens, stratum radiatum, and stratum lacunosum-
moleculare regions. In the CA3 hippocampus, mossy fibers
originating from the dentate granule cells (DGC) synapse with
dendrites of CA3 pyramidal neurons. EphrinB3 was expressed
in a pattern suggestive of fiber projections that include mossy
fibers (arrowhead) and/or commissural connections that are
present in the stratum radiatum (Fig. 3b, inset). In CA1
hippocampus, ephrinB3 expression was primarily localized to
the stratum lacunosum-moleculare where fibers of the perforant
path are located (arrows), which likely reflect either direct
projections from layer III of entorhinal cortex (Steward and
Scoville, 1976), projections from the nucleus reuniens of the
thalamus (Wouterlood et al., 1990) and inferotemporal cortex
(Yukie and Iwai, 1988) (Fig. 3c). In the stratum radiatum of
CA1, ephrinB3 was expressed in longitudinal fiber patterns
(arrowhead) perpendicular to the cell layer that are suggestive of
CA1 dendrites (Fig. 3c; inset). These expression patterns were
supported by X-gal staining in ephrinB3 knock-in mice
(ephrinB3lacZ), where the cytoplasmic domain of ephrinB3
was replaced with β-galactosidase (β-gal) (Yokoyama et al.,
2001). Panel d shows strong β-gal reactivity in patterns
indicative of mossy fiber projections and CA1 dendrites, with
a clear delineation in the CA3 region. We also found ephrinB3
in DGC dendrites and CA1 axons (in the alveus), supporting the
expression of ephrinB3 in both axons and dendrites of these two
neuronal cell types. Analysis of ephrinB3 mRNA demonstrates
that the message was localized only to the DGC and CA1
pyramidal cell layers and absent in the CA3 region (Fig. 3e;
(Grunwald et al., 2001; Liebl et al., 2003). This confirms that
ephrinB3 expression in the CA3 region does not originate from
CA3 neurons. Controls for the ephrinB3 antibody included
simultaneous analysis of ephrinB3KO tissues, where staining
was not observed in axons or dendrites of the hippocampus
(Fig. 3g).
The EphrinB3 cytoplasmic domain is not required for induction
or maintenance of long-term potentiation (LTP)
Previous studies have demonstrated that ephrinB3 may
regulate synaptic transmission in the CA1 post-synaptic
membrane (Grunwald et al., 2004). To study whether synaptic
responses were dependent on the ephrinB3 cytoplasmicdomain, we examined the average field excitatory post-synaptic
potentials (fEPSP) and compared baseline stimulation in
ephrinB3KO and ephrinB3lacZ mice. Extracellular recordings
of the Schaffer collateral pathway reveal no significant
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B3lacZ and wild type mice as shown by the input–output curves
(Fig. 4a). In addition, paired pulse facilitation (Fig. 4b) showed
no significant difference between wild type and mutant mice
and are in agreement with previous studies (Grunwald et al.,
2004), although a trend towards increased PPF was observed at
20 ms in ephrinB3lacZ mice and a decreased PPF in the
ephrinB3KO mice. We next examined LTP in CA3–CA1
hippocampal slices, and found a significant attenuation in
LTP in ephrinB3KO (∼160% ± 10%, n = 8) mice compared to
ephrinB3lacZ (∼210% ± 10%, n = 8) and wild type
(∼200% ± 10%, n = 7) mice (Fig. 4c). This finding
demonstrates that ephrinB3 is important in determining the
magnitude of LTP, and is consistent with previous studies
(Grunwald et al., 2004). The similarity of LTP in wild type and
ephrinB3lacZ mice further demonstrates that these effects are
independent of ephrinB3 intracellular signaling, suggesting that
ephrinB3 modulates LTP amplitude through either trans
interactions with Eph receptor(s) at the pre-synaptic membrane
or cis interactions with other important synaptic proteins via its
extracellular and/or transmembrane domains.Fig. 4. EphrinB3 signaling is not important for regulating LTP responses. (a) Input–
(n = 17), ephrinB3lacZ (n = 5), and ephrinB3KO (n = 8) mice; (b) paired pulse facilitati
CA1 neurons, and ephrinB3KO mice had significant reductions (P b 0.01) as comp
hippocampus of wild type and ephrinB3KO mice.The EphrinB3 cytoplasmic domain is not required for
hippocampus-dependent memory tasks
Given the expression of ephrinB3 in the hippocampus and
deficits in LTP in ephrinB3KO but not ephrinB3lacZ mice, we
tested whether these mice also exhibited abnormalities in a
hippocampus-related task. EphrinB3KO and ephrinB3lacZ mice
exhibit no apparent deficiencies in feeding behavior or life
span, but the null mice do exhibit striking motor defects
(Kullander et al., 2001, 2003; Yokoyama et al., 2001),
including defects in hind limb coordination that cause them
to hop. Since this defect might affect their behavior on an
open surface (i.e., Barnes maze), we instead tested their ability
to swim. In the water, ephrinB3KO mice exhibited synchro-
nized hindlimb movement similar to that observed on land, but
their ability to swim and passively float did not differ from
that of wild type mice (not shown). The incidence of floating
was quite low, and distributed equally across groups in both
the cued and non-cued trails in these animals. Analyses of
swim speed showed no difference between groups (P N 0.45).
While we did conduct probe trails at the end of the non-cuedoutput curves of the fEPSP and various stimulation intensities from wild type
on (PPF) of the fEPSP at various stimulation intervals; (c) LTP was measured in
ared to ephrinB3lacZ and wild type mice. (d) Representative fEPSP in the CA1
40 A. Rodenas-Ruano et al. / Developmental Biology 292 (2006) 34–45testing session, these trials failed to reveal consistent group
differences or spatial biases. This was demonstrated in the
cued learning portion of our initial Morris water maze test,
where the mice must swim to a visible platform (Fig. 5a).
During cued learning, the average time it took wild type male
mice to find the visible platform over the first 2 days was
28.3 ± 4.6 s, which was similar to ephrinB3KO (29.7 ± 6.0 s)
and ephrinB3lacZ (32.9 ± 4.8 s) mice. There was no
appreciable difference between the first two cued learning
trials. A two-way ANOVA was performed on the cued
learning task latency data, using phenotype (between subjects
variable) and testing day (within subject measure). The
ANOVA failed to show a significant effect between group,
time, or group/time interactions (Fig. 5a). On days 3 through 5
the platform was submerged with the location constant. Wild
type mice showed no appreciable increase in their latency to
find the platform when it was not visible, demonstrating their
ability to learn. However, ephrinB3KO mice took significantly
longer to locate the hidden platform than wild type mice,Fig. 5. EphrinB3's regulation of learning and memory behavior is independent
of its cytoplasmic domain. Mice were tested in a Morris water maze over a 5-day
period using four 60-s trails. (a) No significant differences were observed in the
ability of mice to find the visible platform on days 1 and 2. (b) EphrinB3KO mice
had a significant delay in their ability to find the hidden platform between days 3
to 5 as compared to ephrinB3lacZ and wild type mice. Comparison of male and
female wild type (CD1) mice revealed that females took a longer time to locate
the hidden platform (not shown). However, ephrinB3KO males and females
showed no significant difference in latency. *P b 0.05; **P b 0.01.suggesting a reduced learning behavior (Fig. 5b). A two-way
ANOVA performed on the hidden platform data revealed
significant effects of group (P b 0.005) and time (P b 0.03),
but not group/time interactions. Follow up means comparisons
(Newman–Keuls) indicated that the performance of
ephrinB3KO mice differed from both wild type and ephrin-
B3lacZ mice (P b 0.05), while there was no statistical
difference between wild type and ephrinB3lacZ mice. These
data support the role of ephrinB3 in the performance of a
hippocampus-dependent learning task, independent of its
cytoplasmic domain.
EphrinB3KO but not EphrinB3lacZ mice show reductions in
synaptosomal NMDA receptors
We next investigated whether the alterations in synaptic
transmission and behavioral responses associated with the
absence of ephrinB3 correlated with biochemical changes of
proteins at the hippocampal synapse. There are numerous
proteins that play significant roles in both the pre- and post-
synaptic terminals, which ultimately function to regulate
hippocampal activity. Previous studies in cell culture models
transfected with EphB receptors, have demonstrated that EphB2
can interact and regulate NMDA receptor activity following
ephrinB stimulation (Dalva et al., 2000; Grunwald et al., 2001;
Takasu et al., 2002). To determine whether these effects are
physiologically relevant and whether ephrinB3 might mediate
these events in the post-synaptic membrane, we examined
glutamate receptor expression in membrane fractions of
ephrinB3KO mice as compared to ephrinB3lacZ and wild type
mice. There was a significant reduction in the NMDA receptor
subunits NR1, NR2A, and NR2B in ephrinB3KO mice, which
was not found in ephrinB3lacZ mice (Fig. 6; Table 1). There was
no significant difference in the levels of AMPA receptor
subunits GluR1 and GluR2/3 or kainate receptor subunit
GluR6/7 (Table 1), but additional studies are needed to evaluate
their activity. Examination of NR1, NR2A, and NR2B whole
cell lysate showed no significant difference between
ephrinB3KO and wild type hippocampal tissues, suggesting
these changes are specific to synaptic membranes levels. These
findings also suggest that expression of NMDA receptor
subunits may be regulated by ephrinB3 through cis interactions
involving its transmembrane and/or extracellular domains.
However, we cannot exclude the possibility that ephrinB3
regulates the expression of NMDA receptor subunits through
indirect pre-synaptic mechanisms mediated by Eph receptor(s).
There was also no significant difference in expression of three
general membrane proteins: β-catenin, N-cadherin and neuro-
ligin-1 (Table 1).
EphrinB3KO but not EphrinB3lacZ mice show increased levels
of pre-synaptic proteins
To examine pre-synaptic functions, we analyzed the
concentration of proteins important in regulating neurotrans-
mitter storage and release. Increased levels of synapsin1 and
synaptobrevin were observed in membrane fractions from
Fig. 6. EphrinB3 regulates protein levels in hippocampal synapses. Hippocampal synaptosomes and whole cell lysates were examined for the concentration of various
post-synaptic, pre-synaptic, adaptor, and signaling proteins using Western blot analysis (see Table 1).
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mice, while no significant alterations were observed in
synaptophysin or SNAP-25 (Fig. 6, Table 1). In addition, the
whole cell lysate levels of synaptobrevin, synapsin1a, and
synaptophysin were not significantly different between mutant
and wild type tissues (Fig. 6, Table 1). This supports a
mechanism of pre-synaptic Eph receptor regulation of synap-
sin1 and synaptobrevin.Table 1
Synaptic proteins levels in ephrinB3KO and ephrinB3lacZ hippocampi as
compared to wild type mice
Synaptosomes Whole lysate
ephrinB3KO ephrinB3lacZ ephrinB3KO
(1) NR1 ⇓ 45%, P b 0.05 NS NS
(2) NR2A ⇓ 66%, P b 0.001 NS NS
(3) NR2B ⇓ 71%, P b 0.01 NS NS
(4) GluR1 NS NS ND
(5) GluR2/3 NS NS ND
(6) GluR6/7 NS NS ND
(7) Synaptobrevin ⇑ 236%, P b 0.001 NS NS
(8) Synaptophysin NS NS NS
(9) Synapsin-1a ⇑ 987%, P b 0.01 NS NS
(10) SNAP-25 NS NS ND
(11) GRIP ⇑ 566%, P b 0.01 ⇑ 296%, P b 0.05 ⇑ 207%, P b 0.05
(12) PICK1 NS NS ND
(13) PSD-95 NS NS NS
(14) pCAMKIIα ⇑ 429%, P b 0.01 NS NS
(15) pPKCμ ⇑ 489%, P b 0.01 NS NS
(16) pPKA ⇓ 77%, P b 0.05 ⇓ 22%, P b 0.005 NS
(17) β-catenin NS NS ND
(18) N-Cadherin NS NS ND
(19) Neuroligin NS NS ND
Western blot quantification of purified synaptosomes or whole lysate from either
ephrinB3KO or ephrinB3lacZ mice as compared wild type tissues demonstrates
significant alterations in the concentration of many synaptic proteins when
ephrinB3 is absent in the synapse. NS = Not significant; ND = Not determined.EphrinB3KO but not EphrinB3lacZ mice show altered levels of
phosphorylated signaling and adaptor proteins
We also examined proteins known to regulate glutamate
receptor stability and turnover, such as phosphorylated (p) PKCμ,
PKA and CaMKIIα. The levels of p-PKCμ and p-CaMKIIαwere
increased by 5-fold and 4-fold in ephrinB3KO tissue compared to
wild type tissue, respectively (Fig. 6). This difference was not
observed in ephrinB3lacZ mutant mice, suggesting that these
signaling events are not due to intracellular signaling by
ephrinB3. However, the phosphorylated RII subunit of PKA
was decreased by 77% in the ephrinB3KO mice and by 22% in the
ephrinB3lacZ mice, compared to wild type controls. Thus,
activated pPKA levels may be regulated through both Eph
receptor(s) and intracellular ephrinB3 signaling. Whole cell
lysates show no significant difference in expression of p-
CaMKII, p-PKC, and p-PKA between wild type and ephrinB3
mutant tissues (Fig. 6, Table 1). Furthermore, differences in both
mutants were observed for the membrane-associated GRIP1,
where there was a 5-fold increase in ephrinB3KO and a 3-fold
increase in ephrinB3lacZ mice (Fig. 6) in synaptosomes and a 2-
fold increase in whole cell lysate. There was no significant
change in the levels of PSD-95 and PICK1 (Fig. 6, Table 1).
These studies show that while p-PKA and GRIP are dependent
on the ephrinB3 cytoplasmic domain, PKCμ and CaMKIIα are
independent of this intracellular domain.
The EphrinB3 cytoplasmic domain is required to regulate
synapse number
To determine whether ephrinB3 functions to regulate
synaptic morphology and formation, we examined hippocampal
synaptic ultrastructure using transmission electron microscopy
(TEM) in both ephrinB3KO and ephrinB3lacZ mice. Recent
Fig. 7. Ultrastructural analysis of synaptic number showed an increased number
of CA1 synapses in ephrinB3KO and ephrinB3lacZ mice as compared to wild type
tissues. Excitatory synapses were counted on non-overlapping micrograph from
the CA1 (a–c) and CA3 stratum lucidum/radiatum of the hippocampus (n = 3
animals, N20 micrographs per animal, 10–30 synapses per micrograph) using
blind non-biased methods. (d) Histogram showing quantitative increases in the
number of excitatory synapses in the CA1 hippocampus.
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may regulate synaptic shape (Dalva et al., 2000; Ethell et al.,
2001; Grunwald et al., 2001). To examine synaptic morphology,
both pre- and post-synaptic densities were analyzed by
measuring the average synaptic area, length, and maximum
depth (MaxD) of excitatory synapses in the CA3 and CA1
stratum radiatum (Figs. 7a–c, Table 2). Excitatory synapses were
distinguished from inhibitory synapses by their asymmetrical
pre- and post-synaptic densities (Gulyas et al., 1999; Megias et
al., 2001). We did not observe a significant difference in pre- or
post-synaptic shape in CA3 synapses; however, differences were
detected in the CA1 hippocampus. In particular, significant
reductions in pre- and post-synaptic area and MaxD were
observed in ephrinB3KO mice as compared to ephrinB3lacZ and
wild type mice (Table 2). This suggests that ephrinB3 regulates
synaptic size independent of its cytoplasmic domain. Converse-
ly, we found that the precise number of synapses requires the
cytoplasmic domain of ephrinB3, as both ephrinB3KO
(19.5 ± 2.0 synapses/100 μm2) and ephrinB3lacZ mice
(19.7 ± 1.5 synapses/100 μm2) had significant increases in the
number of CA1 excitatory synapses as compared to wild type
mice (13.3 ± 1.6 synapses/100 μm2) (Fig. 7d). These results
imply that determination of synaptic number, but not synaptic
size, is dependent on the cytoplasmic domain of ephrinB3.
Discussion
Recent studies demonstrate that B-class ephrins are localized
to the post-synaptic membrane in CA1 hippocampal neurons,
and suggest that reverse ephrin signaling is required to mediate
synaptic transmission (Grunwald et al., 2004). In our study, we
directly evaluated the role of ephrinB3 reverse signaling by
assessing long-term plasticity, hippocampal-dependent behav-
ior, synaptic protein levels, and synaptic morphology and
formation in the presence and absence of ephrinB3's cytoplas-
mic domain. We identify several novel findings; (1) the
cytoplasmic domain of ephrinB3 is not required for maintaining
LTP or learning and memory behavior, (2) ephrinB3 is required
to maintain synaptic protein levels in synaptic membranes, and
(3) the cytoplasmic domain of ephrinB3 is required to regulate
synaptic numbers but not shape.
The EphrinB3 cytoplasmic domain is not required for
EphrinB3 dependent plasticity and learning and memory tasks
Recently studies have implicated ephrinB3 reverse signaling
in regulating LTP in the CA3–CA1 synapse (Grunwald et al.,
2004). These findings are based principally on three observa-
tions. First, ephrins are expressed in the post-synaptic CA1
membrane, which could interact with Eph receptors in the pre-
synaptic membrane. Second, reductions in early phase LTP
associated with the absence of ephrinB3 are similar to those
observed in EphA4KO mice. Finally, reductions in LTP
associated with EphB2 and EphA4 receptor null mice are
independent of their respective cytoplasmic domain. Thus, it
was concluded that LTP responses are regulated by ephrin
reverse signaling into post-synaptic terminals. Our observations
Table 2
Average size of CA1 and CA3 hippocampal synapses in ephrinB3KO and ephrinB3lacZ mice as compared to wild type mice
Avg Post-synaptic
Area
Avg Post-synaptic
Length
Avg Post-synaptic
MaxD
Avg Pre-synaptic
Area
Avg Pre-synaptic
Length
Avg Pre-synaptic
MaxD
Wild type (CA1)
(n = 61)
0.246 ± 0.007 μm2 0.959 ± 0.021 μm 0.345 ± 0.006 μm 0.212 ± 0.007 μm2 0.827 ± 0.020 μm 0.350 ± 0.006 μm
ephrinB3KO (CA1)
(n = 60)
0.219 ± 0.004 μm2
P b 0.01
0.910 ± 0.012 μm
NS
0.329 ± 0.004 μm
P b 0.01
0.178 ± 0.004 μm2
P b 0.01
0.755 ± 0.012 μm
NS
0.334 ± 0.004 μm
P b 0.05
ephrinB3lacZ (CA1)
(n = 24)
0.253 ± 0.020 μm2
NS
0.968 ± 0.049 μm
NS
0.343 ± 0.020 μm
NS
0.214 ± 0.021 μm2
NS
0.836 ± 0.039 μm
NS
0.357 ± 0.022 μm
NS
Wild type (CA3)
(n = 14)
0.226 ± 0.022 μm2 1.121 ± 0.107 μm 0.298 ± 0.012 μm 0.211 ± 0.007 μm2 0.909 ± 0.058 μm 0.265 ± 0.017 μm
ephrinB3KO (CA3)
(n = 23)
0.237 ± 0.019 μm2
NS
1.007 ± 0.034 μm
NS
0.286 ± 0.018 μm
NS
0.194 ± 0.039 μm2
NS
0.846 ± 0.093 μm
NS
0.271 ± 0.044 μm
NS
TEM analysis reveals that ephrinB3KO has reduced average pre- and post-synaptic area and max depth as compared to ephinB3lacZ and wild type mice. Micrographs
from the CA1 and CA3 molecular layer of the hippocampus were analyzed in wild type, ephrinB3KO, ephrinB3lacZ mice, and quantitated using Scion imaging software
(Scion Corporation). Statistical analysis was performed using a one-way ANOVA. NS = Not significant.
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provide new support for their role in learning and memory
behavior. However, we demonstrate that these functions are
independent of the ephrinB3 cytoplasmic domain and classic
modes of reverse signaling. Combining our result with those of
Grunwald et al. (2004), leads to the conclusion that neither
ephrinB3 reverse or EphA4 forward signaling are required to
mediate LTP responses of CA3–CA1 synapses or learning/
memory tasks. One alternative possibility is that ephrinB3 may
require cis interactions with ephrinB2 in the post-synaptic
membrane through its transmembrane and/or extracellular
domains to mediated LTP responses. Like ephrinB3, ephrinB2
is also expressed in the CA1 post-synaptic membrane and is
required for LTP function (Grunwald et al., 2001). This would
suggest a requirement for heteromeric clustering in the synapse,
and while we cannot exclude this possibility heteromeric
interactions between ephrins have not been described. In
addition, cis interactions between ephrins and Eph receptors
are not likely since ephrins and Eph receptors have been shown
to segregate into different membrane domains (Marquardt et al.,
2005). An alternative possibility is that the ephrinB3 extracel-
lular and/or transmembrane domain may have cis interactions
with other synaptic proteins in the post-synaptic membrane, for
example claudin (Tanaka et al., 2005), and this in turn can
regulate protein levels or functions. This is consistent with our
analysis of protein levels in synaptosomes and studies showing
that EphB2–NMDA receptors interactions occur through an
extracellular binding region (Dalva et al., 2000). The specific
mechanisms by which ephrins and Eph receptors function to
regulate synaptic transmission remains unanswered.
EphrinB3 regulates synaptic protein levels and
phosphorylation states in the hippocampus
Examination of synaptic protein concentrations in synaptic
membranes revealed significant alterations of pre- and post-
synaptic molecules in ephrinB3KO mice. It is clear that ephrinB3
modulates the levels of NMDA receptor subunits NR1, NR2A
and NR2B, since reductions were observed in ephrinB3KO
synaptosomes, and may represent the underlying mechanism forimpaired LTP responses and learning and memory behavior. In
addition, analysis of whole lysates suggests that ephrinB3
functions to regulate membrane levels of NMDA and not
transcriptional events. These reductions were not observed in
ephrinB3lacZ mice, suggesting that these functions are indepen-
dent of ephrinB3 cytoplasmic domain, and likely, that ephrinB3
mediates NMDA receptor expression at the synapse through
either its transmembrane and/or extracellular domain. This is
supported by previous findings showing that a kinase inactive
mutant of EphB2 inhibits AMPAglutamate receptor endocytosis
via activation of synaptojanin 1 at post-synaptic sites (Irie et al.,
2005). Furthermore, it has been previously reported that EphB
receptors regulate synaptic plasticity through extracellular
interactions with NMDA receptors (Grunwald et al., 2001,
Henderson et al., 2001). While ephrins have not been shown to
directly interact with these proteins in the post-synaptic
membrane, our studies support this possibility. In contrast,
recent studies by Grunwald et al. (2005) suggest that ephrinB3 is
not important in regulating NMDA receptor-dependent EPSP in
the CA3–CA1 hippocampus. However, our studies cannot be
directly compared with these findings, since we examined whole
hippocampal extracts and likely reflect multiple synaptic regions
throughout the hippocampus. The role of ephrinB3 on NMDA
receptors levels specifically in the CA3–CA1 synapse remains
to be determined.
The PDZ domain proteins, GRIP1 and PICK1, have both
been shown to associate with ephrins and Eph receptors
(Bruckner et al., 1999; Torres et al., 1998), but only GRIP1 was
significantly up regulated in the complete absence of ephrinB3
or when its cytoplasmic domain was removed (see Fig. 6, Table
1). Synaptosomal GRIP1 was more effected in ephrinB3KO
mice then in the ephrinB3lacZ mice, suggesting that ephrinB3
may mediate GRIP levels through both cytoplasmic domain
dependent and independent mechanisms. Our expression
studies show that ephrinB3 is present in post-synaptic CA1
dendrites, and pre-synaptic mossy fibers, and it is feasible that
ephrinB3 is mediating GRIP1 expression in both regions.
Previous studies suggest that trans-synaptic ephrin to Eph
receptor signaling maybe important for induction of LTP in
mossy fiber-CA3 synapses, and that PDZ interactions in the
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Interestingly, GRIP1 also binds AMPA receptors to stabilize
these receptors in the synaptic membrane (Irie et al., 2005;
Osten et al., 2000), but no difference was observed in the levels
of GluR1, GluR2, or GluR3 receptor subunits in ephrinB3KO
mice. It is not surprising that we did not observe differences in
PSD-95 levels in ephrinB3KO synaptosomes, since PSD-95
expression is extremely low at postnatal day 14. In addition,
other studies have shown that NMDA receptor translocation is
not accompanied by PSD-95 translocation (Fong et al., 2002).
It is less clear whether alterations in pre-synaptic molecules
and signaling intermediate proteins also participate in ephrinB3
mediated LTP. It is possible that the attenuation in LTP observed
in the ephrinB3KO hippocampus may reflect, in part, changes
associated with increased levels of synapsin1 and synaptobre-
vin; however, we do not observe significant differences in
paired pulse facilitation. Furthermore, studies have shown that
while synapsin is necessary for normal segregation of vesicle
pools, neither synapsin1 or synaptobrevin are absolutely
required for mediating CA1 LTP (Picciotto and Wickman,
1998; Ryan et al., 1996; Schoch et al., 2001). This suggests that
the alterations observed in synapsin1 and synaptobrevin are
likely not reflective of LTP and learning and memory deficits.
The signaling intermediates, CaMKIIα, PKC, and PKA, have
been shown to play a direct role in mediating LTP responses
(Rongo, 2002; Wikstrom et al., 2003). Activated PKC is known
to induce a rapid dispersal of NMDA receptors from synaptic
membranes to extra-synaptic plasma membranes (Fong et al.,
2002), and the observed decreases in NMDA receptor subunits
in ephrinB3KO synapses was accompanied by increased levels
of activated PKC. In addition, we observed significant increases
in activated CaMKIIα in the ephrinB3KO mice, consistent with
reported PKC-mediated translocation of CaMKIIα (Fong et al.,
2002). These effects where not observed in ephrinB3lacZ mice,
supporting a mechanism independent of the ephrinB3 cyto-
plasmic domain. Phosphorylated PKA was reduced in both
ephrinB3KO and ephrinB3lacZ mice, suggesting that PKA may
be, in part, regulated by the ephrinB3 cytoplasmic domain. PKA
activation is important in early-phase LTP, which requires pre-
synaptic activity, NMDA channel opening (Otmakhov et al.,
2004), and synaptic clustering of NMDA receptors (Crump et
al., 2001). These findings provide strong support for the role of
ephrinB3 in modulating NMDA receptor levels and function
through activation or inactivation of CaMKIIα, PKC, and PKA
in the hippocampal synapses. Furthermore, with the exception
of PKA, these effects are not dependent on the cytoplasmic
domain of ephrinB3.
The EphrinB3 cytoplasmic domain regulates the number of
synapses formed in the CA1 hippocampus
Ephrins and Eph receptors also play an important role in the
formation of synapses and dendritic spines (Ethell et al., 2001;
Murai et al., 2003; Penzes et al., 2003). Much of our current
knowledge comes from analysis of Eph receptors, where the
inhibition of EphA4/ephrin interactions distorts spine shape and
organization in hippocampal slices (Murai et al., 2003).Disruption of EphB2 influences formation of both pre- and
post-synaptic specializations, and induce changes in synaptic
structure through Rho GTPases and syndecan signal transduc-
tion pathways (Dalva et al., 2000; Henderson et al., 2001; Irie
and Yamaguchi, 2004). Removal of three EphB receptors
(EphB1, EphB2, and EphB3) leads to alterations in synaptic
number and morphology of hippocampal spines (Henkemeyer
et al., 2003). Together, these studies provide strong support for
the role of multiple Eph receptors in regulating synaptic
formation and morphology. To identify what role ephrins may
have in mediating synaptic morphology and formation, we
examined synaptic ultrastructure in ephrinB3KO and ephrin-
B3lacZ mutant mice. We observed an increase in the total
number of excitatory synapses in CA3–CA1 hippocampus in
the absence of ephrinB3, associated with a reduction in mean
area and length of both pre- and post-synaptic densities.
Furthermore, normal synaptic number, and not size, were
dependent of the presence of the ephrinB3 cytoplasmic domain.
Previous studies have also examined the role of ephrinB2,
ephrinB3 and EphA4 in regulating synaptic morphology and
formation (Grunwald et al., 2004). No gross differences were
observed in synaptic number or morphology in the absence of
ephrinBs or EphA4; however, excitatory synapses were not
independently evaluated. Our studies suggests that the regula-
tion of synaptic morphology requires ephrinB3 induced forward
signaling of Eph receptors or possible interactions with the
transmembrane and/or extracellular domains of ephrinB3,
whereas the precise number of synapses formed requires the
ephrinB3 cytoplasmic domain.
In conclusion, we have identified that the ephrinB3 cyto-
plasmic domain and hence all classic forms of reverse signaling
is not required to mediate LTP or learning and memory, but it is
required to regulate synaptic numbers. This raises intriguing
questions about how ephrins and Eph receptor regulate synaptic
formation and activity/plasticity, and how important synaptic
numbers are in mediating learning and memory behavior. Their
ability to bind and regulate other synaptic proteins in the
membrane may give some insight to their actions.
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